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Molybdenum and tungsten are found in the active site of a large group of enzymes that catalyze the transfer of an oxygen atom from or to a substrate.[1](#chem201903264-bib-0001){ref-type="ref"} The structurally related tungstoenzyme acetylene hydratase (AH) is unique among them, because it catalyzes the net hydration reaction of acetylene to acetaldehyde, a nonredox reaction. It is the only enzyme known to accept acetylene as substrate, apart from nitrogenase, which reduces it to ethylene.[2](#chem201903264-bib-0002){ref-type="ref"} In 2007, structural information obtained by single‐crystal X‐ray diffraction analysis revealed the active site consisting of a six‐coordinate W^IV^ center with a sulfur‐rich coordination sphere derived from two molybdopterin co‐factors and a cysteine residue. The sixth ligand of the distorted octahedron was found to be a water molecule with an aspartate in close proximity.[3](#chem201903264-bib-0003){ref-type="ref"} The mechanism of the catalytic hydration is still under debate. Four mechanisms have been proposed and evaluated by DFT calculations.[3](#chem201903264-bib-0003){ref-type="ref"}, [4](#chem201903264-bib-0004){ref-type="ref"} They can be grouped into two fundamentally different reaction pathways, the major differences being the mode of substrate binding (C~2~H~2~ coordinated to W: first shell mechanism; H~2~O coordinated to W: second shell mechanism, Figure [1](#chem201903264-fig-0001){ref-type="fig"}). Only the first shell mechanism proposed by Liao and co‐workers, comprising a deprotonated Asp13 and the displacement of H~2~O by C~2~H~2~, revealed a realistic energy barrier. The acetylene is nucleophilically attacked by the liberated H~2~O supported by concomitant proton transfer to Asp13. The resulting vinyl anion is then protonated by Asp13 to give acetaldehyde after tautomerization. Nonetheless, the second shell mechanism proposed by Einsle and co‐workers cannot be ruled out at present, because the acetylene could also be nucleophilically attacked while still located in the putative substrate pocked above the coordinated water molecule.[3](#chem201903264-bib-0003){ref-type="ref"}

![Comparison of first and second shell mechanism (left) and molybdopterin co‐factor (right).](CHEM-25-14267-g001){#chem201903264-fig-0001}

Tungsten acetylene complexes are generally scarce,[5](#chem201903264-bib-0005){ref-type="ref"} and those qualifying as biomimetic models are even rarer.[6](#chem201903264-bib-0006){ref-type="ref"}, [7](#chem201903264-bib-0007){ref-type="ref"}, [8](#chem201903264-bib-0008){ref-type="ref"} Among the latter, the scorpionate complex \[WO(C~2~H~2~)Tp′I\] (Tp′=hydridotris(3,5‐dimethylpyrazolyl)borate) binds both substrates, C~2~H~2~ and H~2~O, upon halogen abstraction, whereas the recent structural analogue \[WO(C~2~H~2~)(S‐Phoz)~2~\] (S‐Phoz=2‐(4′4′‐dimethyloxazoline‐2′‐yl)thiophenolate) exhibits reversible C~2~H~2~ binding.[7](#chem201903264-bib-0007){ref-type="ref"}, [8](#chem201903264-bib-0008){ref-type="ref"} The only structural--functional model \[Et~4~N\]~2~\[WO(mnt)~2~\] (mnt=malonitrile) was reported to perform nine catalytic turnovers, whereas no W−C~2~H~2~ adduct could be isolated or spectroscopically observed.[9](#chem201903264-bib-0009){ref-type="ref"}, [10](#chem201903264-bib-0010){ref-type="ref"} However, recent attempts to reproduce these results failed, which questions the existence of a structural--functional model for AH.[11](#chem201903264-bib-0011){ref-type="ref"}

For the development of tungsten--acetylene complexes capable of nucleophilic attack, we explored two bioinspired ligands with different electronic influence, because biomimetic dithiolene‐type ligands are already well established.[12](#chem201903264-bib-0012){ref-type="ref"} The use of the electron‐deficient sulfur ligand 6‐*tert*‐butylpyridazine‐3‐thione and the electron‐richer pyridine‐2‐thione (HSPy) should reveal which electronic properties are needed to gain the desired reactivity on a model complex. In our hand, the electron‐poor SPn system already led to unique reactivities with various other transition metals and thus seemed to be suitable for a model system, in which nucleophilic attack of H~2~O/OH^−^ to a coordinated acetylene is desired.[9](#chem201903264-bib-0009){ref-type="ref"}, [13](#chem201903264-bib-0013){ref-type="ref"}

Herein, we report the first intramolecular nucleophilic attack of a W‐bound η^2^‐C~2~H~2~ by the bioinspired S,N‐donor ligands SPn and SPy forming new complexes of the type \[W(CO)(**C~2~H~2~**)(**CHCH**‐L)L\].

For the preparation of acetylene complexes with the SPy and SPn ligands, a procedure previously employed for \[W(CO)(C~2~H~2~)(S‐Phoz)~2~\] was followed.[8](#chem201903264-bib-0008){ref-type="ref"}, [14](#chem201903264-bib-0014){ref-type="ref"} Thus, in a first step, previously reported \[W~2~(CO)~7~Br~4~\][15](#chem201903264-bib-0015){ref-type="ref"} was converted to \[W(CO)~3~(MeCN)~2~Br~2~\],[16](#chem201903264-bib-0016){ref-type="ref"} which was subsequently reacted with two equivalents of the sodium salt of the respective ligand in dichloromethane. The use of SPy gave the tris‐carbonyl compound \[W(CO)~3~(SPy)~2~\] (**1**) in 67 % yield.[17](#chem201903264-bib-0017){ref-type="ref"} The reaction with NaSPn also gave the tris‐carbonyl compound \[W(CO)~3~(SPn)~2~\] (**2**), as was evidenced by NMR spectroscopy of the crude reaction mixture. However, upon workup, partial dimerization to \[W~2~(CO)~4~(SPn)~4~\] (**3**) was observed, which had no influence on subsequent reactivity (Scheme [1](#chem201903264-fig-5001){ref-type="fig"}). Exposing toluene solutions of the carbonyl compounds **1**, **2** and **3** to acetylene atmosphere at room temperature led to highly interesting reactivity. Next to the expected substitution of CO by one molecule of C~2~H~2~, a second molecule of acetylene was found in the final product, which had inserted into the tungsten--nitrogen bond forming \[W(CO)(**C~2~H~2~**)(**CHCH**−SPy)(SPy)\] (**4**) and \[W(CO)(**C~2~H~2~**)(**CHCH**−SPn)(SPn)\] (**5**), respectively (Scheme [1](#chem201903264-fig-5001){ref-type="fig"}). It is noteworthy that for the significant faster formation of **5**, the reaction time is crucial, because after two hours, substantial polyacetylene (PA) formation and decomposition was observed.

![Synthetic strategy for the preparation of **4** and **5**.](CHEM-25-14267-g004){#chem201903264-fig-5001}

Characterization by ^1^H NMR spectroscopy clearly confirmed the two types of acetylene in **4** and **5** with the rotationally hindered η^2^‐acetylene appearing as two singlets (11.99--12.99 ppm, Table [1](#chem201903264-tbl-0001){ref-type="table"}) and the protons of the inserted C~2~H~2~ as two doublets showing satellites resulting from coupling to the NMR‐active W^183^ isotope. For complex \[W(CO)(C~2~H~2~)(CHCH‐SPy)(SPy)\] (**4**), the second η^1^‐acetylene proton was determined by the COSY cross‐peak, as it is obscured by other ligand signals (see the Supporting Information). Unambiguous evidence delivered single‐crystal X‐ray diffraction analysis. Molecular views are displayed in Figure [3](#chem201903264-fig-0003){ref-type="fig"}.

###### 

Overview of analytical data.

+-------+------------------+-------------------+---------------+-------------+------------+------------+------------+------------+
|       | ^1^H NMR \[ppm\] | ^13^C NMR \[ppm\] | IR \[cm^−1^\] | X‐ray \[Å\] |            |            |            |            |
+:======+==================+===================+===============+=============+============+:===========+:===========+:===========+
| **6** | 13.77            | 207.58            | 1911          | 1.316(3)    | 2.022(2)   | --         | 1.973(2)   | 1.159(3)   |
|       |                  |                   |               |             |            |            |            |            |
|       | 13.66            | 206.41            | 1900          |             | 2.045(2)   |            |            |            |
|       |                  |                   |               |             |            |            |            |            |
|       | 12.36            |                   |               |             |            |            |            |            |
|       |                  |                   |               |             |            |            |            |            |
|       | 12.24            |                   |               |             |            |            |            |            |
+-------+------------------+-------------------+---------------+-------------+------------+------------+------------+------------+
| **5** | 12.99            | 196.24            | 1918          | 1.315(7)    | 2.036(4)   | 2.079(4)   | 1.993(5)   | 1.156(6)   |
|       |                  |                   |               |             |            |            |            |            |
|       | 12.02            | 191.60            |               |             | 2.060(4)   |            |            |            |
+-------+------------------+-------------------+---------------+-------------+------------+------------+------------+------------+
| **4** | 12.93            | 197.53            | 1890          | 1.3148(19)  | 2.0353(13) | 2.0964(13) | 1.9781(12) | 1.1611(15) |
|       |                  |                   |               |             |            |            |            |            |
|       | 11.99            | 192.55            |               |             | 2.0582(13) |            |            |            |
+-------+------------------+-------------------+---------------+-------------+------------+------------+------------+------------+
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With complex **4**, the insertion of C~2~H~2~ is slower compared to the thiopyridazine system and was further found to be reversible (Scheme [1](#chem201903264-fig-5001){ref-type="fig"}). Elimination of the inserted acetylene could be observed by ^1^H NMR spectroscopy revealing the formation of 70 % of complex \[W(CO)(C~2~H~2~)(SPy)~2~\] (**6)** within two hours at 45 °C. Under the same condition, no acetylene elimination for the corresponding SPn complex was observed.

The insertion of acetylene is extremely interesting, because it represents an intramolecular, nucleophilic attack on acetylene, which is relevant to the debate on AH mechanism. Furthermore, it has not been observed in \[W(CO)(C~2~H~2~)(S~2~CNEt~2~)~2~\][18](#chem201903264-bib-0018){ref-type="ref"} with very similar structural and electronic properties. Therefore, we were curious whether we can prepare the compounds \[W(CO)(C~2~H~2~)L~2~\] (L=SPy or SPn) without an inserted alkyne to separately investigate the insertion by isotopic labelling experiments. However, selective preparation starting from \[W(CO)~3~L~2~\] with limited amounts of acetylene proved to be futile, because with L=SPn only inserted product and with L=SPy a mixture of the desired \[W(CO)(C~2~H~2~)(SPy)~2~\] (**6**) and the inserted compound was observed. We therefore envisioned a procedure by using a tungsten starting material containing only one molecule of acetylene. Subsequent introduction of the S,N‐ligands should allow preparation of \[W(CO)(C~2~H~2~)L~2~\]. Although compounds of the type \[W(CO)(C~2~R~2~)L~*n*~X~2~\] with substituted alkynes (R=Me, Ph) have been described previously,[19](#chem201903264-bib-0019){ref-type="ref"} the respective acetylene derivative has been elusive.

Therefore, we exposed an acetonitrile solution of \[W(CO)~3~(MeCN)~2~Br~2~\] to acetylene atmosphere for 65 minutes forming an olive green precipitate. The poorly soluble material proved to be a mixture of the desired compound with one molecule of acetylene \[W(CO)(C~2~H~2~)(MeCN)~2~Br~2~\] (**7 a**) and with two acetylenes \[W(CO)(C~2~H~2~)~2~(MeCN)Br~2~\] (**7 b**) as shown in Scheme [2](#chem201903264-fig-5002){ref-type="fig"}. Although we were able to obtain single crystals suitable for X‐ray diffraction analyses confirming their structures (see the Supporting Information, Figures S12 and S14), their separation in bulk was futile, so that the mixture was used for subsequent reactions. The reaction of the mixture **7** (**7 a** and **b**) with NaSPy allowed the preparation of the desired tungsten compound \[W(CO)(C~2~H~2~)(SPy)~2~\] (**6**) without an inserted acetylene in 29 % yield (Scheme [2](#chem201903264-fig-5002){ref-type="fig"}). Presumably, NaSPy only reacts with \[W(CO)(C~2~H~2~)(MeCN)~2~Br~2~\] (**7 a**), because \[W(C~2~H~2~)~2~(SPy)~2~\] was not observed. This general type of compound is known with substituted alkynes and other bidentate ligands.[20](#chem201903264-bib-0020){ref-type="ref"} The synthetic procedure allowed also the preparation of deuterium‐labeled \[W(CO)(C~2~D~2~)(SPy)~2~\] (**9**) upon using C~2~D~2~ (Scheme [2](#chem201903264-fig-5002){ref-type="fig"}). In contrast, the respective compound with the SPn ligand, \[W(CO)(C~2~H~2~)(SPn)~2~\], was not accessible, because any isolated product from the reaction of **7** with NaSPn proved to be the inserted complex \[W(CO)(C~2~H~2~)(CHCH‐SPn)(SPn)\] (**5**).

![Synthetic procedure of the precursor mixtures **7 a**+**b** and **8 a**+**b** and the labelled complexes **6** and **9**.](CHEM-25-14267-g005){#chem201903264-fig-5002}

The ^1^H NMR spectra of complexes \[W(CO)(C~2~R~2~)(SPy)~2~\] (R=H **6**, D **9**) showed a mixture of two dynamic isomers indicated by two sets of acetylene protons (Figure [2](#chem201903264-fig-0002){ref-type="fig"} a). We assume the isomeric difference is with respect to the position of the ligands to each other, in which S,S‐, N,N‐ and two S,N‐*trans* positions are possible and as previously been observed in our S‐Phoz system.[8](#chem201903264-bib-0008){ref-type="ref"}, [14](#chem201903264-bib-0014){ref-type="ref"} With compounds **6** and **9**, the respective cross‐insertion was investigated: thus, complex **6** was treated with C~2~D~2~ and **9** with C~2~H~2~ (Scheme [3](#chem201903264-fig-5003){ref-type="fig"}). The insertion reaction was evaluated by ^1^H NMR spectroscopy upon comparing the ratio of integrals between a ligand and two acetylene signals (Scheme [3](#chem201903264-fig-5003){ref-type="fig"}). To obtain comparable data, *T* ~1~ of the acetylenic protons of **4** was determined by the inversion recovery experiment (IRE), as these signals gave integrals \<1 when recorded with standard *T* ~1~ of one second (see the Supporting Information).

![^1^H NMR spectra in CD~2~Cl~2~: a) \[W(CO)(C~2~H~2~)(SPy)~2~\] (**6**, two isomers), b) \[W(CO)(C~2~D~2~)(SPy)~2~\] (**9**, two isomers), c) \[W(CO)(C~2~H~2~)(CHCH‐SPy)(SPy)\] (**4**), d) **6**+C~2~D~2~, and e) **9**+C~2~H~2~.](CHEM-25-14267-g002){#chem201903264-fig-0002}

![Labelling studies on acetylene insertion: reaction of protonated **6** with C~2~D~2~ (left), reaction of deuterated **9** with C~2~H~2~ (right).](CHEM-25-14267-g006){#chem201903264-fig-5003}

The ratio of the η^2^‐C~2~H~2~ (11.99 ppm) and η^1^‐C~2~H~2~ (6.58 ppm) protons was determined and referenced to the pyridine ligand proton at 8.20 ppm (Scheme [3](#chem201903264-fig-5003){ref-type="fig"} and Figure [2](#chem201903264-fig-0002){ref-type="fig"}). Upon selective insertion of added C~2~H~2~ in **9**, formation of \[W(CO)(C~2~D~2~)(CHCH−SPy)(SPy)\] (**4 a**) with an integral ratio of 0:1:1 (η^2^:η^1^:SPy)^.^ is expected, whereas a ratio of 1:0:1 is anticipated for the opposite experiment forming \[W(CO)(C~2~H~2~)(CDCD‐SPy)(SPy)\] (**4 b**). However, the two cross experiments reveal the presence of complex **4 a** and **b** in a 1:1 ratio (Figure [2](#chem201903264-fig-0002){ref-type="fig"} d and e), as was indicated by a virtually identical integral of the η^2^‐C~2~H~2~ (11.99 ppm) and the η^1^‐C~2~H~2~ (6.58 ppm) signals.

Equimolar formation of complexes **4 a** and **b** indicates a bis‐acetylene intermediate (Scheme [3](#chem201903264-fig-5003){ref-type="fig"}), in which insertion of either the deuterated or the protonated acetylene into the *cis* N−W bond can occur. The bis‐acetylene intermediate is further supported by the observation that the acetylene precursor mixture \[W(CO)(C~2~H~2~)~*n*~(MeCN)~3−*n*~Br~2~\] (*n*=1 (**7 a**) and 2; (**7 b**)) reacts exclusively to \[W(CO)(C~2~H~2~)(CHCH‐SPn)(SPn)\] (**5**) when adding the more reactive SPn‐ligand (see above). Also, integration of the η^2^‐ and η^1^‐C~2~H~2~ signals, referenced to the pyridine signal at 8.20 ppm of the reaction **9**+C~2~H~2~, reveals a hydrogen content of 1.3 (Figure [2](#chem201903264-fig-0002){ref-type="fig"} e), which is higher than the expected 1. This can be explained by a dynamic exchange of the deuterated acetylene with excess C~2~H~2~ in the bis‐acetylene intermediate (Scheme [3](#chem201903264-fig-5003){ref-type="fig"}) or by impurities of complex **6** in complex **9** (Figure [2](#chem201903264-fig-0002){ref-type="fig"} b, residual W−C~2~H~2~ signals). The expected hydrogen content of one in the analogous cross‐reaction (Figure [2](#chem201903264-fig-0002){ref-type="fig"} d) may originate from less excess of C~2~D~2~ due to different gas sources (C~2~D~2~ from CaC~2~ vs. C~2~H~2~ from a gas cylinder) and thus less exchange in the intermediate. We rule out exchange in the product as treatment of the fully deuterated complex \[W(CO)(C~2~D~2~)(CDCD‐SPy)(SPy)\] with acetylene for 2.5 hours lead to virtually no changes in the ^1^H NMR spectrum.

Insertion seems to be facilitated by the more electron‐withdrawing thiopyridazine ligand, which is reflected by the drastic difference in reactivity. Less electron density on the W center leads to weaker π backdonation into the C≡C bond, which makes its LUMO more reactive towards a nucleophilic attack. Furthermore, ring strain reduction of a four‐membered to a six‐membered ring seems not to be the only driving force for the insertion, because only one of the two chelate rings is expanded by acetylene insertion.

Nucleophilic attack on coordinated acetylene in an intramolecular fashion using phosphorous or carbon nucleophiles is known for transition metals, such as Mo or Ir.[21](#chem201903264-bib-0021){ref-type="ref"}, [22](#chem201903264-bib-0022){ref-type="ref"} For example, oxidation of \[Mo(C~2~H~2~)(dppe)~2~\] with \[Cp~2~Fe\]\[BF~4~\] leads to nucleophilic attack of the phosphorus on the acetylenic carbon to form the acetylene‐inserted complex \[Mo(CHCH‐PPh~2~CH~2~CH~2~PPh~2~)(dppe)(MeCN)~2~\]\[OTf\]~2~.[21](#chem201903264-bib-0021){ref-type="ref"} In the complex \[Ir(C~2~H~2~)($\hat{CP}$ )(η^5^‐C~5~Me~5~)\]\[BAr~F~\] with the cyclometalated ligand PMe(2,6‐Me~2~C~6~H~3~)~2~ (=$\hat{CP}$ ) the coordinated C~2~H~2~ is inserted into the σ Ir−CH~2~ bond upon thermal activation.[22](#chem201903264-bib-0022){ref-type="ref"} However, such reactivity has never been observed for a mononuclear W complex. This makes **4** and **5** the first compounds of their kind, which is of particular interest regarding AH, because it represents the first nucleophilic attack on a W‐bound C~2~H~2~ and therefore supports the proposed first shell mechanism.

Solid‐state structures of all compounds were obtained by using single‐crystal X‐ray diffraction analysis (Figure [3](#chem201903264-fig-0003){ref-type="fig"} and the Supporting Information). Compound \[W(CO)(C~2~H~2~)(SPy)~2~\] (**6**) features a S,N‐*trans* arrangement of the ligands and most likely reflects the minor isomer present in solution. It further displays the typical parallel arrangement of the CO and the C~2~H~2~ ligand.[7](#chem201903264-bib-0007){ref-type="ref"}, [23](#chem201903264-bib-0023){ref-type="ref"} The structures of **4** and **5** revealed that the N atom of the heterocycle acted as intramolecular nucleophile. The S,N‐*trans* ligand arrangement is conserved during insertion of acetylene into the W−N bond giving the corresponding S,C‐*trans* complexes. The W−CHCHN bond length in **5** is shorter than in **4** (2.079(4) versus 2.0964(13) Å), which is in accordance with the more electron‐withdrawing character of the SPn ligand. The thereby formed six‐membered ring is planar and orientated perpendicular to the carbonyl ligand.

![Molecular views of **4** (left), **5** (middle), and **6** (right) showing the atomic numbering Scheme.](CHEM-25-14267-g003){#chem201903264-fig-0003}

In conclusion, the successful synthesis, as well as the structural and spectroscopic characterization of the first nucleophilically attacked W‐bound acetylene, is reported. In this reaction, the coordinated nitrogen atom of the bioinspired ligands 6‐*tert*‐butylpyridazine‐3‐thione and pyridine‐2‐thione served as intramolecular nucleophile. Acetylene insertion was investigated by using C~2~D~2~ and revealed coordination of the second acetylene prior to insertion, as well as reversibility of the insertion reaction. The obtained results show that W−C~2~H~2~ adducts are able to react with nucleophiles and therefore support the proposed first shell mechanism of AH.
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